Abstract This study quantified the impacts of climate change on human health through undernourishment using two economic measures. First, changes in morbidity and mortality due to nine diseases caused by being underweight as a child were analyzed using a Computable General Equilibrium (CGE) model with changes in the labor force, population, and demands for healthcare taken into consideration. Second, changes in mortality were taken from the CGE simulation and assessed economically by the value of lives lost and willingness to pay to reduce the risk. Model uncertainties in future crop yields and climate conditions were considered using future projections from six global crop models and five global climate models. We found that the economic valuation of healthy lives lost due to undernourishment under climate change was equivalent to −0.4 % to 0.0 % of global gross domestic product (GDP) and was regionally heterogeneous, ranging from −4.0 % to 0.0 % of regional GDP in 2100. In contrast, the actual economic losses associated with the effects of additional health expenditure and the decrease in the labor force due to undernourishment resulting from climate change corresponded to a − 0.1 % to 0.0 % change in GDP and a − 0.2 % to 0.0 % change in household consumption, respectively, at the global level.
Introduction
A number of studies have economically evaluated the effects of climate change on human health (Bosello et al. 2006; Ciscar et al. 2011; Smith et al. 2014; Tol 2013; Watkiss and Hunt 2012) . The impact on human health due to climate change includes death and disease by extreme heat and cold (Ciscar et al. 2011; Tol 2013; Watkiss and Hunt 2012) , low labor force productivity and associated medical services (Bosello et al. 2006) , mortality due to natural disasters, infectious diseases via food and water, and death or disease due to undernourishment. With regard to undernourishment, climate change has a negative impact on crop production (Rosenzweig and Parry 1994) , which is expected to increase the risk of hunger and undernourishment Nelson et al. 2014) . Being underweight as a child is a major risk factor of disease and death in low-income countries, and has led to serious diseases such as diarrhea and malaria (Ezzati et al. 2004 ). In addition, undernourishment due to climate change has negative health effects in underweight children (Ishida et al. 2014; Lloyd et al. 2011) and in the worst case leads to the death of children (Lloyd et al. 2014) .
To analyze the responses to climate change and the actions taken in the future, previous studies have performed cost-benefit analysis using dynamic optimization models (Cline 1992; Fankhauser 1995; Nordhaus 1991; Tol 2013) . The optimal level was set as the maximization of utility, which was expressed as a function of consumption. The consumption is defined as GDP minus the sum total of the costs of mitigation and adaptation to climate change and the residual climate damage that might occur. These studies also evaluated the impact on sectors that are not treated in the market (e.g., human death due to extreme heat and cold, loss of comfort, migration associated with natural disasters) as shown in Tol (1996) . Some studies have suggested that sectors that are not treated in the market experience greater damage than sectors treated in the market, for example in OECD countries. In recent years, lives lost due to extreme heat and cold have been economically evaluated (Watkiss and Hunt 2012) .
Many studies have focused on the impacts of climate change on health, undernourishment, and death or diseases, but have not assessed the economic implications of death or diseases caused by undernourishment due to climate change. By considering the negative effects on health as well as the valuations of the lives lost from undernourishment, a better economic assessment of the impact of climate change on human health can be achieved.
This study quantified the impact of future climate change on human health by considering nine diseases (diarrheal diseases, pertussis, measles, tetanus, meningitis, malaria, lower respiratory infections, birth asphyxia and birth trauma, and protein-energy malnutrition), which are caused by being underweight as a child. Furthermore, this study quantified the economic value of lives lost as an economic indicator for measuring the impact on health.
Methods

Modeling framework
We used the modeling framework shown in Fig. 1 . Future grid-based crop yield data were aggregated for each region, and then input into the economic model (The Asia-Pacific Integrated Model/Computable General Equilibrium: AIM/CGE). The CGE model outputs several indicators to measure the impact on undernourishment and human health. We used the same framework as in previous studies (Hasegawa et al. 2015a; Ishida et al. 2014) , in which the model was used to calculate food calorie intake, population at risk of hunger and disability-adjusted life years (DALY). Ishida et al. (2014) estimated the DALY for 2050, whereas this study expanded the analysis to the end of this century. We also improved the model to calculate more indicators: GDP and consumption loss caused by health impacts due to climate change, the associated medical expenditure, and the economic value of lives lost. Moreover, we revised Ishida et al. (2014) , by assuming reductions in unequal food distributions with GDP, which significantly impacts on future undernourishment (Hasegawa et al. 2015b ) (see chapter S3.2 in the supplementary material). To quantify the uncertainty in future projections of crop yields, climatic conditions, and socioeconomic conditions, we used a data for future changes in crop yield projected by multiple global crop models and global climate models (Rosenzweig et al. 2014 ) and assumed multiple socioeconomic conditions. • Food calorie intake • Population at risk of hunger (Lloyd et al., 2011 , Ishida et al., 2014 Food market The AIM/CGE model builds on the work by Fujimori et al. (2012 , and recently several climate change studies used the model Hasegawa et al. 2014) . Supply, demand, trade, and investment are described as individual behavioral functions that respond to changes in the price of production factors and commodities, as well as changes in technology. The functions also respond to preference parameters on the basis of the assumed population, GDP, and consumer preferences. The model contains 17 regions (Table S1 ) and 42 industrial classifications including 10 agricultural sectors (Table S2 ). The healthcare sector was aggregated with other service sectors to produce one service sector in the model. See Chapter S1 of the supplementary material for more detail.
Stunting module
Feedback of medical expenditure to household consumption
The changes in medical expenditure was calculated and fed back to the consumption expenditure. To calculate additional medical expenditure, first, the Years Lived with Disability (YLD) were calculated from the DALY by assuming the current ratio of the YLD to the future DALY. The current ratio of YLD to DALY was determined from the DALY and YLD by disease type in seven regions of the world in 2004 (WHO 2014a). Then, additional medical expenditure resulting from health damage was calculated by multiplying the YLD and annual medical expenditure per person (See section 2.4.3 for more details). Households were assumed to bear the medical expenditures, which were expressed by subtracting the medical expenditure from the total consumption expenditure of households.
Feedback of mortality to population and the labor force
The change in the number of deaths due to climate change was fed back to the population and the labor force. First, the mortality due to disease was calculated from the DALY by assuming the current ratio of the number of mortality to the future DALY. Then, the additional number of deaths was deducted from the future potential population and labor force, which were assumed to be the population and the labor force in the case of no climate change (NoCC). Therefore, on the basis of the potential population, the cumulative number of additional deaths of children under 5 years of age due to climate change from the base year to a year was subtracted from the next year's population. The additional childhood mortality changed the population over the period of their life expectancy (WHO 2014b) from the year of death. Changes in the labor population were similarly expressed, and the labor population changed 15 to 64 years after their deaths. There was a strong assumption that the labor force changed in proportion to the change in the labor population. This feedback was performed recursively for each year, with the total number of deaths passed onto the following year. Here, the number of people that would have been born if their mother did not die was not considered.
Economic valuation of lost life
Various attempts have been made to evaluate the value of a life. All lives should have an equal value; however, rich people are able to place an overall higher value on their lives (Cropper et al. 2011; OECD 2012; Pearce 1978) . In addition, the willingness to pay (WTP) for death avoidance may differ by country and cause of death. The value of statistical life (VSL) is a summary measurement of the WTP for a mortality risk (OECD 2012) . The VSL is defined as the marginal value of a reduction in the risk of dying and is used as a key input in the calculation of the costs and benefits of policies that save lives. OECD (2012) developed an approach to estimate the VSL, where the VSL is derived using an income adjustment. This study used the approach. We applied a reference value of the VSL to other regions using an income elasticity of 0.8 (OECD 2012) (Eq. 1). Then, the sum of the VSL was derived by multiplying the VSL and the level of mortality in each region (Eq. 2). As the reference value, the value of the health risk observed in China, 2005 was selected because the Chinese survey had the largest number (110) of observations among the surveys used in OECD (2012) and we judged it to be more suitable for the issues investigated in this study than the values for developed countries. Although the OCED approach considers not only per-capita income but also other explanatory factors, factors other than per-capita income were not considered in the study because more detailed information would be required and this was not available. To express the uncertainty in the assessment of the value of a life is considered possible. High and low values of the VSL were estimated by assuming a range of the reference value of the VSL and a standard deviation of the income elasticity.
where,
Value of Statistical Life (VSL) caused by disease d, in region r and year t VSLYref a reference value of the VSLY GDPCAP t,r GDP per capita in region r and year t GDPCAPref GDP per capita for a reference region and year TVSL t,r
The sum of the VSL in region r and year t, Incomeelas income elasticity (0.8)
DEATH caused by disease d, in region r and year t.
Scenarios and data used in this study
Scenarios
To quantify the uncertainty in climate and socioeconomic conditions we prepared four scenarios combining two socioeconomic conditions and three climatic conditions including a reference case that assumed current climatic conditions would prevail in the future (i.e., NoCC) as shown in Table 1 . As the socioeconomic conditions we used population and GDP values based on the intermediate ("middle-of-the-road", SSP2) and pessimistic ("fragmentation", SSP3) scenarios of the Shared Socioeconomic Pathways (SSPs) (IIASA 2012) ( Figure S4 ) to investigate the relatively negative climate impacts. Other socioeconomic conditions were based on Hasegawa et al. (2015b) . The Representative Concentration Pathways (RCPs), RCP2.6 (van Vuuren et al. 2011 ) and RCP8.5 (Riahi et al. 2011) , were used as the climate conditions. The RCP2.6 is the pathway where climate change is most mitigated; whereas in RCP8.5, it progresses the most. Furthermore, we simulated cases with and without the feedback of the impacts of undernourishment shown in section 2.2.2 and 2.2.3, and extracted the effect of undernourishment by differentiating the two scenarios. This is because the change in GDP and household consumption estimated in the present study is a consequence of both impacts on crop yield and on the changes in the population, labor force, and medical expenditure due to undernourishment. The impacts of crop yield changes are shown in the supplementary material (e.g. Figure S6 ). The scenarios were run for the period of 2005-2100.
Crop yields
Future changes in crop yields are mainly driven by technological developments and climate change impacts. To reflect the technological developments, we used crop yields in the case of NoCC, assuming present climate conditions for the future. However, these yields do not reflect the impacts of climate change. To consider those impacts, change in crop yield due to climate change was calculated by multiplying a ratio of the change in the yield with the yield in the NoCC case (See Hasegawa et al. (2014) for the treatment of yield changes). We used the yield change in the NoCC case developed by Hasegawa et al. (2015b) on the basis of the yield data used in the agricultural modeling intercomparison and improvement project (AgMIP) (Nelson et al. 2014) . The rate of change in crop yields due to climate change was calculated from data provided by the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP) (Rosenzweig et al. 2014) . We selected the global crop models and global climate models shown in Table S6 , which covered a wide range of crops under both RCPs. Crop types are classified as shown in Table S7 . As with AgMIP, CO 2 fertilization was not considered in this study (Nelson et al. 2014) , although it has been reported that the CO 2 fertilization effects on crop yield are large (Masutomi et al. 2009 ). (2015) and applied for all regions because there was not enough data available for China and other similar countries. For both of MED and RDAYs, in cases where data for the same diseases were not available, mean values within the same category of disease were applied (Table S8 and Table S9 ). Although we used the common values for the RDAYs, we considered regional heterogeneity in the annual medical expenditure by differentiating the MED among regions according to the economic levels. the YLD for year t, region r, disease d.
Results
Health effects of undernourishment
Figure 2 compares representative indicators of food and undernourishment (global mean food calorie intake, global population at risk of hunger, DALY, and DALY per 1000 persons) between different socioeconomic and climate conditions from the basis of the case of NoCC. Under the strong climate change in RCP8.5, negative effects such as an increase in the undernourished population and DALY, and decreases in the food intake were very likely regardless of the socioeconomic conditions. In contrast, these effects in RCP2.6 were small. Several observations could be made from the uncertainty ranges of global crop models and global climate models. First, future health damage through undernourishment was more dependent on socioeconomic conditions than climate conditions throughout this century, because the DALY ranges overlapped across the latter, but not the former. This is because food intake and risk of hunger varies more across different socioeconomic conditions (e.g., population and income) rather than climate conditions , and as a result the same was true for the DALY, which was derived from the above variables. Second, the ranges in RCP8.5 were much wider than those in RCP2.6, because for several regions where large effects were expected, the uncertainty range was larger in RCP8.5 than RCP2.6 depending on the uncertainty of yield changes and degree of crop consumption. See Figure S7 of the supplementary material for regional yield changes under different climate conditions, with uncertainty ranges across global crop models and global climate models. Third, the uncertainty ranges in SSP3 were much wider than those in SSP2 in the latter half of this century. This was not surprising because the food intake increased and undernourishment was eliminated in SSP2 during the study period. Finally, the DALY ranges were narrower than those in the PoU because the DALY were not only determined by the PoU, but also by other factors such as income and the Gini coefficient (see section S4.1 of the SI). The contribution of the PoU became weak and the ranges become narrower than those of the PoU because uncertainty in the Gini coefficient, which drives the PoU, was not considered (See section S4.1 of the SI for more detail). Figure 3 shows the regional climate change impacts on average food consumption, PoU, and the DALY per 1000 persons compared with the scenario without climate change for the pessimistic scenario (SSP3-RCP8.5). The magnitude and the uncertainty of these effects were heterogeneous across the regions. For example, the magnitude and the uncertainty of these effects in the PoU and DALY were large in India and the rest of Asia. Food intake was relatively low for these regions, and therefore the PoU responds strongly to changes in food intake. A small decrease in food intake caused a large increase in PoU. Because the yield changes in wheat, which is largely consumed in these regions, are large, the magnitude of the impacts is large. Moreover, in these regions, the uncertainty range in food intake is relatively large because of the large uncertainty of yield changes for wheat (See Figure S7 in the supplementary material for regional yield changes.).
Regional impacts
Economic impact of the health burden due to undernourishment caused by climate change
The regional impact on the economy of the health burden of undernourishment caused by climate change varies between regions, with a − 0.9 to +0.1 % change for GDP and a − 1.6 to +0.1 % change for household consumption for the largest impact case in 2100. The regional positive impact is caused by increase in crop yields due to climate change, leading increase in food intake and decrease in health damage compared to the scenario without climate change. The global average impact was −0.1 to 0.0 % and −0.2 to 0.0 % for GDP and household consumption, respectively ( Figure S5 ). This was much smaller than the economic impact of the
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Southeast Asia Brazil China North Africa Former Soviet Union Fig. 3 The regional climate change impact on the mean food calorie intake, the prevalence of undernourishment (PoU), and the disability-adjusted life years (DALY) per 1000 persons under the pessimistic scenario (SSP3-RCP8.5), in which climate change progressed the most by 2100. The black line shows the level with no climate change. Boxplots show the uncertainty ranges of global crop models and global climate models. Boxes indicate 25 % values and whiskers indicate the maximum and minimum values changes to crop yields ( Figure S6 ), because the effects of medical expenditure and the labor population were relatively small. There are several reasons for this. First, healthcare costs in low-income areas, where undernourishment is common, are relatively low. Second, the proportion of healthy lives lost due to disease in the DALY is small, with the majority of people suffering from disease dying prematurely. Premature death does not incur medical expenditure. Third, there is a time lag of more than 15 years until child mortality affects the labor population. Therefore, only the additional deaths within the past 15 years have an effect.
3.4 Economic value of lives lost due to undernourishment caused by climate change Figure 4 shows the economic value of lives lost due to climate change relative to GDP at the (a) the global level and (b) the regional level, estimated by assuming different levels of life value for the most pessimistic scenario of SSP3-RCP8.5. At the global level, the economic value of lives lost due to climate change is equivalent to −0.4 % to 0.0 % of GDP in 2100. The evaluation based on the high level of life value ranges −0.4 % to −0.15 % of GDP, whereas the evaluation using the low level ranges −0.05 % to 0.0 % of GDP. The range in the regional figure indicated an uncertainty that was not only due to global crop and climate models, but also to life values. The effects in South Asia and India were large, and were equivalent to a maximum of −4.0 % of GDP in South Asia. This is much larger compared to GDP loss due to medical expenditure and labor population reduction shown above. The impacts on the Rest of Asia are expected to be larger than those on Africa, although intuitively the situation might be expected to be different. However, this shows only the changes in the value of life lost due to climate change, not the absolute value of life lost. There are several reasons for the large impacts in India and South Asia. There is expected to be a large negative impact on the yield of wheat and other crops that are consumed in large amounts in the Rest of Asia. Also, land that is suitable for agriculture and for cropland expansion is limited in these regions. In contrast, there is not a large negative impact on the yield of maize or other coarse grains that are consumed in large amounts in Africa. In addition, the characteristics of the model used in the study, where it does not assume a large change in dietary culture and food trade in the future, might contribute to the results. The present study economically assessed the health burden due to undernourishment caused by climate change. Furthermore, as an economic indicator to measure the extent of the health burden, the economic value of lost lives was assessed. We found that the economic valuation of a healthy life lost due to undernourishment under climate change was much larger than the effects of additional health expenditure and the decrease in the labor force due to undernourishment resulting from climate change. The effects of the former were equivalent to −0.4 % to 0.0 % of global GDP and −4.0 % to 0.0 % of regional GDP in 2100. In contrast, the effects of the latter corresponded to a − 0.1 % to 0.0 % change in GDP and −0.2 % to 0.0 % changes for consumption at the global level. This study is the first attempt to assess the economic value of lives lost due to undernourishment. In addition to previous studies (Cline 1992; Fankhauser 1995; Nordhaus 1991; Tol 2013) , we showed that the sectors not treated in the market are expected to receive more damage than those treated in the market. This suggests the possibility that impacts were underestimated in studies targeting only the sectors treated in the market. We also focused on the impacts of undernourishment not considered in previous studies. Our methodology could be applied to other impact assessments of the risk of hunger to quantify the intangible impacts. Using our methodology, we expect that the quantification of the impact on hunger risk due to climate change and a better overall understanding would be possible.
We could interpret that a life lost due to undernourishment, which has not been considered in previous studies, is comparable to the positive impacts on human health shown in previous studies. For example an increase in GDP of +0.5 % from 2050 to 2100 was indicated by Tol (2013) , although this study cannot be simply compared because the focus of the two studies is different. Tol (2013) considers the impact of medical expenditure, mortality, and diseases caused by extreme heat and cold, whereas the present study considers the impact due to undernourishment. Comparing the two studies, the decrease in death or disease associated with cold stress have resulted in a positive impact on the economy (Bosello et al. 2006; Tol 2013 ), but the health impacts considering the economic value of healthy lives lost through undernourishment, as shown in this study, reduce or even reverse the positive effect.
There were several limitations inherent in the present study;
& It did not consider the different access to medical services available in different socioeconomic conditions. In pessimistic socioeconomic conditions such as SSP3, some people might not have access to medical services and suffer from disease in low-income regions (Ebi 2013) . It is assumed that medical services were accessed equally in all of the regions in this study. This assumption does not significantly change the results of the study because the medical expenditure of these regions is small, but this could be improved in future studies. & The spatial distribution of the supply side was aggregated into 17 large regions. The spatial distribution of climate change impacts on food production might not change the main results of this study, but it might change the magnitude of the regional impacts. A regional downscaling could clarify the spatial distribution of the impacts and provide more useful information. & The healthcare sector was aggregated with other service sectors to produce one service sector in the model. Separating out the healthcare sector would be a way of explicitly dealing with capital (e.g., labor) and intermediate inputs (e.g., pharmaceutical costs). This separation would require more information about the production structure of the medical services or products (e.g., capital and intermediate inputs needed for producing a unit of service or products) and such data at the global scale does not currently exist. Differences in productivity in the healthcare sector and in other service sectors might affect GDP loss, although further analysis is needed to determine whether and how the aggregation might change our results. & Capital formation was partially considered in the model. When the demand for healthcare service increases, new capital might be allocated to the service sector or government might reduce their consumption and invest more money in the sector. The new capital allocation among different sectors was endogenously determined by the change in demand for goods and services. For example, construction of hospitals would reduce the capital allocation into other sectors (e.g., manufacturing). However, the reduction in government consumption was not considered. Incorporating such a mechanism requires a capital matrix that indicates how much of each commodity is allocated to investments in each sector, but this information was not available. Once the mechanism is introduced, investment (e.g., construction of a hospital) would occur over time and increase future production. This might bring about economic development or a decrease in health damage and healthcare services in the future, but such an analysis is not currently possible because of data unavailability. & The current relationships between DALY and the number of deaths in seven regions of the world were applied to 17 regions for the future because of data limitations, although this might introduce biases. If DALY and the number of deaths by different countries, diseases, and risk factors were available, a further survey of the historical relationships in different countries and for different diseases would be appropriate. & Some crop models used in the study do not include nitrogen stress as a result of our model selection, which was intended to take account of the uncertainty of the models as much as possible. Because the representation of nitrogen stress in the crop models is expected to cause more severe impacts (Rosenzweig et al. 2014) , the selection of these models might have generated relatively optimistic results. Further studies should analyze the uncertainties related to the representation of nitrogen stress in crop models. & The use of a discount rate when evaluating future healthy life years could lead to uncertainties.
Because this study was based on DALY-evaluated future health years with a 3 % discount rate, the discount rate was only partly considered. In reality, the discount rate might differ depending on the socioeconomic situation, but the difference was not taken into consideration.
